Frequently overlooked, apoptosis also has a role in the early immune response, facilitating the selection of T-cell clones with highest affinity for pathogen-associated antigens. The deletion of low-affinity T-cell clones upon T-cell receptor (TCR) stimulation is correlated with the induction of several pro-apoptotic proteins including Noxa, 5 Bim and Bax, 6 which are antagonized effectively by pro-survival Bcl-2 family proteins in those T cells expressing a TCR with high affinity, thus leading to their clonal dominance ( Figure 1 ).
Until recently, the nature of the pro-survival Bcl-2 family proteins and the signaling pathways contributing to these effects remained rather ill-defined, as numerous studies proposed roles for Bcl-2, Bcl-xL, Mcl-1 and/or A1/Bfl-1 in different settings. [5] [6] [7] [8] [9] Understanding individual contributions, however, is important in the development of intervention strategies for the treatment of infections and age-related immune-deficits.
Studies using adoptive transfer of Bcl-2 or Bcl-xL transgenic T cells into wild-type hosts, subsequently infected with lymphocytic choriomeningitis virus (LCMV), suggested that overexpression of neither protein had an impact on T-cell dynamics during infection in vivo, but saved virus-specific T cells from death in culture. 8 However, it seems problematic to extrapolate from such results to loss-of-function phenotypes. Unfortunately, studies in Bcl-2 À / À mice are hampered by the rapid loss of mature lymphocytes seen even in the absence of infection. 10 Notably, although Bcl-xL is strongly induced upon T-cell activation, Lck-driven conditional ablation of this gene in T cells appears to have minimal effects on T-cell responses. 11 Similarly, the relevance of the strong induction of A1/Bfl-1 noted after TCR engagement 5, 6 still awaits elucidation, but A1 knockdown does not seem to affect T-cell homeostasis. 12 Mcl-1, on the other hand, seems to be the key for T-cell development and survival, as Mx-Cre-mediated ablation leads to rapid loss of haematopoietic cells, whereas Lck-or CD4-cre-mediated deletion prevents normal T-cell development, precluding analysis of its role during T-cell activation. 13 In this issue of CDD, Tripathi et al.
14 provide compelling evidence that Mcl-1 is critical for promoting an effector T-cell response upon acute viral infection.
Expression analysis on LCMV-specific T cells at the peak of their expansion phase revealed that Mcl-1 levels were increased, whereas Bcl-2 levels dropped when compared with naive T cells.
14 In order to demonstrate the relevance of Mcl-1 for the survival of activated T cells, expansion of LCMVspecific T cells was monitored during acute viral infection in mice, where Mcl-1 was deleted by concomitant Cre-expression from the IFN-sensitive Mx1-promoter. Infection led to reduced Mcl-1 levels in virus-specific T cells on day 5, but protein levels were comparable to wildtype on day 8 at the peak of T-cell expansion.
14 This indicates that T cells escaping Cre-driven deletion expand to become the dominant virus-specific clones. Notably, despite their reduction in number the pathogen was still cleared effectively. This suggests that the few T cells escaping Cre-deletion can adequately control acute infection. Selection for non-deleting T cells was also seen in Lck-CreMcl-1 f/null mice, where some residual mature T cells exist in the periphery. 15 A caveat for the interpretation of the Mx-Cre infection experiments is that Mcl-1 is deleted also in numerous other cells, including haematopoietic cells and hepatocytes, which represent an important pool of infected cells that contribute to viral loads and their deletion could impact on viral dynamics.
Despite the normal expression of Mcl-1 in the few effector T cells present on day 8 post infection, the transient reduction of Mcl-1 levels during antigen priming apparently led to a profound loss of LCMV-specific T cells. However, it is not clear if the loss of antigen-specific cells was coincident with T-cell activation, that is, are the virus-specific T cells dying after they undergo TCR activation or is a reduced number of T cells responding because of loss of naive virus-specific precursors prior to TCR activation? The loss of Mcl-1's proposed role in mitochondrial physiology may also lead to limit outgrowth of antigen-specific T-cell clones. To separate these events, the authors generated compound mutant alleles, where either 5 has been described as the critical factor for T-cell deletion during the contraction phase of the immune response to viral infection, 1 but its role in deleting low-affinity clones during T-cell expansion remained untested. To clarify if the loss of LCMV-specific T cells in Mx1Cre-Mcl-1 f/f mice was mediated by unrestrained Bim activation upon TCR-ligation, the authors analyzed the antiviral response in Mx1Cre-Mcl-1 f/f Bim f/f mice. Surprisingly, the concomitant loss of Bim failed to rescue LCMV-specific T cells from the effects of Mcl-1 deficiency. This finding was unexpected, as loss of Bim can rescue T-cell production and increase the number of LCMV-specific T cells in Bcl-2-deficient mice. 7 Together these data indicate that Bim is essential in regulating the number of naive T cells that can respond to antigen and limits the numbers of effector T cells during the contraction phase by targeting Bcl-2, but apparently not Mcl-1 during expansion.
Hence, Mcl-1 appears to act in a nonredundant and timed manner with Bcl-2 and Bcl-xL in mediating antigen specific T-cell survival upon infection, but this does not require direct inhibition of Bim, or at least not that of Bim alone. These data pointed towards Noxa or Puma as additional relevant targets. 2 To cover all possibilities, the authors decided to delete Mcl-1 and Bax on a Bak-deficient background. Indeed, the concomitant loss of Bax and Bak rescued Mcl-1-deficient LCMV-specific T cells, demonstrating that it is the pro-survival function of Mcl-1 that is of importance here, 14 but the identity of the relevant BH3-only pro-apoptotic factor remains unresolved.
Mcl-1 levels were previously reported to rise in parallel to the increased levels of the pro-apoptotic Bcl-2 family member Noxa and Bim in a TCR affinity-dependent manner that co-regulates IL-2R expression. 5 The CTL response against LCMV infection is dominated by the accumulation of highaffinity T-cell clones that express TCRs directed against the dominant nucleoprotein NP396 epitope, followed by T cells specific for the glycoprotein GP33 epitope, whereas cells recognizing the subdominant GP276 epitope form a In essence, based on the data published here 14 and elsewhere, 6 we can envision the existence of three distinct Upon antigen encounter and inflammation-driven co-stimulation, high affinity T-cell clones are selected to survive, whereas low-affinity TCR signaling facilitates Noxa-dependent death of sub-dominant clones that fail to stabilize or upregulate Mcl-1 and, possibly, A1. The contraction phase after acute infection is triggered by loss of pro-survival cytokines after antigen-clearance and is driven by Bim and Puma that neutralize Bcl-2 (and possibly Bcl-xL) for Bax/Bak activation apoptotic programs that control T-cell survival during homeostasis, during activation and in effector cells (Figure 1 ). The size of the naive tolerant T-cell pool appears to be controlled by Mcl-1/Bcl-2 and Bim/Puma crosstalk, downstream of 'self-peptide' MHC and cytokine receptors. Upon antigen encounter, high-affinity T-cell clones are selected and proliferate exponentially from the naive pool, whereas the low-affinity clones are deleted. This crucial selection step appears regulated by the strength of the TCR-signal that regulates the Noxa/Mcl-1 (and possibly A1) axis and shapes the effector T-cell response during the initial phase of infection. 5 Once the pathogen is cleared effector T cells enter the contraction phase that leads to deletion of more than 90% of the effectors and to memory formation. Contraction is initiated by loss of pro-survival cytokines upon antigen clearance that may quickly destabilize Mcl-1 and survival for memory formation is then dictated again mainly by the balance between Bim and Bcl-2. What remains unclear at present, however, is why Bcl-xL is so strongly induced upon TCR ligation and what role the prosurvival Bcl-2 family proteins have during chronic infection, such as those caused by human immunodeficiency virus (HIV) or hepatitis B virus (HBV), that seem to follow different rules of engagement. In the end, when we finally understand all the details it may well come down again to the motto in Alexandre Dumà s novel The Three Musketeers 'All for one, one for all!'
